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Abstract 10 
Morphology of four spreading segments on the southern Chile Rise is described based on 11 
multi-beam bathymetric data collected along the axial zones. The distribution of axial volcanoes, 12 
the character of rift valley scarps, and the average depths vary between Segment 1 in the south, 13 
terminating at the Chile Triple Junction, and Segment 4 in the north, which are separated by 14 
three intervening transform faults. Despite this general variability, there is a consistent pattern of 15 
clockwise rotation of the southern-most axial volcanic ridge within each of Segments 2, 3, and 4, 16 
relative to the overall trend of the rift valley. A combination of local ridge-transform intersection 17 
stresses and regional tectonics may influence spreading axis evolution in this sense. 18 
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 1. Introduction 23 
The Chile Rise extends south from the Valdivia fracture zone system as a series of spreading 24 
segments that increase in proximity to the Chile trench until the triple junction is reached. The 25 
intersecting segment is being overridden by the South American Plate (Figure 1), thus the Chile 26 
Triple Junction (CTJ) is the only place on earth where an actively spreading mid-ocean ridge is 27 
being subducted under a continental plate.  This plate boundary geometry provides a natural 28 
laboratory for investigation of the interplay between surface tectonics and underlying mantle 29 
processes, specifically upwelling patterns and associated magma production that supplies new 30 
forces. Detailed morphologic patterns observed within the axial zone of the four southernmost 31 
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segments provide initial insights into some aspects of this interplay. Ridge subduction has 32 
occurred elsewhere in the past so results from the current Chile system can provide insight into 33 
evolution of ancient ridge-trench, and associated micro-plate, systems. With a half rate of 30 34 
mm/yr (Cande et al., 1987), the Southern Chile Rise sits at a threshold, typical of intermediate 35 
spreading ridges, where a variety of factors can influence the axial structure (Baran et al., 2005, 36 
Martinez et al., 2006).  This paper presents maps of new data, reports on the observed trends and 37 
character of the axial volcanoes and fault scarps, and discusses potential regional influences on 38 
the pattern. While the new coverage is modest, mostly a single bathymetric swath that just 39 
reaches the edge of the axial zone, it identifies persistent clockwise rotation trends in the 40 
southern ends of three successive segments. These new data allow us to begin to place the plate 41 
boundary evolution into a context of regional controlling forces. 42 
The bathymetry data were obtained on two R/V Melville cruises (MV1003 and MV1016) in 43 
2010. The first was part of a NOAA Ocean Exploration study (INSPIRE- Chile 2010; 44 
International Southeast Pacific Investigation of Reducing Environments) that emphasized water 45 
column plume mapping and seafloor sampling of biological specimens within seep and 46 
prospective hydrothermal vent areas. The bathymetric data provided context for these targeted 47 
studies. The second cruise represented opportunistic data acquisition during an equipment testing 48 
program. The INSPIRE- Chile 2010 cruise obtained essentially complete coverage of the axial 49 
zones of Segments 1 and 2, immediately north of the Chile Triple Junction (CTJ) at a resolution 50 
improved relative to prior data. Subsequently, almost complete coverage of the axial zones of 51 
Segments 3 and 4 was obtained, much of which is the first available ~100-m resolution data. 52 
Regional bathymetric data were available from prior cruises by Chilean, French, German and 53 
U.S. scientists (Cande et al., 1987, Bourgois et al., 2000). 54 
The INSPIRE- Chile 2010 EM122 data, obtained at ~1.5 kt speeds during tow-yo runs, 55 
required modest ping editing prior to gridding (50 m spacing). These data (weight=1.0) were 56 
then combined with the regional grid values (100 m spacing, weight=0.25) and surface fit using 57 
GMT (Wessel and Smith, 1998) to produce a 50-m grid. Artifacts are evident along regional 58 
tracks but the axial regions are best illustrated with this choice of surface ‘tension’ and grid 59 
spacing. MV1016 data, collected at underway speeds, have not been edited significantly; these 60 
data were gridded at 100 m spacing. 61 
 62 
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2. Morphologic Observations 63 
The axial morphology of the Chile Rise varies along the four segments extending north from 64 
the Chile Triple Junction- Segments 1 through 4, respectively.  The general character of 65 
Segments 1 and 3 is similar to other intermediate spreading rate axial zones (Kappel and Ryan, 66 
1986), with 5-8 km wide, fairly linear rift valley within which a 1-2 km wide volcanic zone 67 
occurs. As noted by previous workers (Klein and Karsten, 1995, Bourgois et al., 2000), Segment 68 
2 is deeper than the adjacent segments, with average axial depth of almost 4000 m compared to 69 
3200-3300 m depths along Segments 1 and 3. Segment 4 comprises a series of elongate sub-70 
basins slightly offset from one another along the overall rift trend. Axial depths for Segment 4 71 
range from ~4000 m in the sub-basins, through an average of ~3650 m, to a shoal section of 72 
~2750 m near the southern end. Below we describe the morphology of the axial zone along each 73 
segment, from south to north. 74 
Segment 1 is 50 km long and the depth of the rift valley floor is consistently ~3200 m to the 75 
north of where slope sediments begin to fill the central graben (~46°05’S, Figure 2a).   The pre-76 
existing EM12 bathymetry data (Bourgois et al., 2000) showed the main morphology of this 77 
segment and those authors adopted the termination of high-backscatter volcanic structures 78 
against the scarp at the toe of the slope at 46°09‘S as the precise location of the triple junction. 79 
Our higher resolution (narrower sonar beam) coverage shows additional detail within the rift axis 80 
and we include the section that continues to be bounded by small western rift wall fault scarps in 81 
our defined segment length, which extends south to ~46°16’S.  A chain of volcanic structures 82 
<400 m in diameter tracks the central graben in the northern half of the segment (Figure 2a). 83 
From 46°06’-46°12’S, several axial seamounts with diameter ~1 km are evident above the 84 
sediment fill, most located on a likely fault-controlled shelf on the slope side of the spreading 85 
axis, but a few occur near or just west of the center of the rift. There is a deviation in axial 86 
linearity evident on the western valley wall between ~46°08’ and 46°11’S, where scarps strike 87 
several degrees west of the main axial trend.  Axial volcanoes within this section are distributed 88 
more widely across the median valley but do not clearly line up with the deviated scarp trend. 89 
Western valley wall scarps along the southern, unsubducted portion of the axial valley 46°12-90 
16’S resume the main trend of the segment.  Fault scarps extend linearly for 12-15 km distances 91 
throughout the segment and have throws of 50-75 m within the rift valley floor.  92 
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Segment 2, which is offset about 50 km west along the Darwin transform fault, is 93 
characterized by an almost 1 km deep rift valley (Figure 2b). The nodal basins at the ends of this 94 
43 km long segment are more than 4000 m deep and the central portion of the segment has axial 95 
depths ~3800 m. Small, linear volcanic chains occur along most of the axis but their location 96 
within the rift valley varies along strike (Figure 2b). As the volcanic features rise above the nodal 97 
basin in the north, they are centered within the main rift valley. In the central part of the segment, 98 
the volcanic chain hugs the eastern scarp of the rift. In the south half of the segment, the chain 99 
has crossed the axis and tracks along the western edge of the rift valley floor before activity 100 
apparently tapers off ~45°56’S. In the southern half of the segment, the axial volcanoes trend 101 
about 16° clockwise from the average trend of the rift valley, projecting obliquely into the 102 
Darwin fracture zone.  103 
Segment 3 is the most linear of the southern Chile Rise segments studied; it extends 152 km 104 
and has two clear deviations in axial linearity (45°20’S and ~45°05’S, Figure 3a).  Linear scarps 105 
are sub-parallel throughout the segment though individual sections often curve slightly near their 106 
terminations.  Contiguous scarp lengths are 5-15 km with corresponding throws of 75~400 m.   107 
Distinct volcanic cones in the southern end of Segment 3 (Figure 2c) are generally small (350-108 
500 m diameter, <75 m high).  A rifted linear high makes up the axial zone in the section from 109 
45°25’ to 45°40‘S.  Volcanic cones are sparse in this area but increase in number and continuity 110 
as the rifted high transitions to a graben approaching the Guamblin transform fault to the South.  111 
Similar to Segment 2, the volcanic features associated with this apparent recent activity in the 112 
southern end of the segment trend 8° clockwise from the overall (end-to-end) trend of Segment 113 
3.  An increase in the size of the conical axial volcanoes, to diameter ~1 km, and a tendency for 114 
them to be flat-topped, occurs throughout the northern part of Segment 3  (top of Figure 2c, 115 
where the pattern begins and continues northward, Figure 3a).  Spacing between these features is 116 
2-4 km in the central and northern portions of the segment. The interval 45°10’- 44°40’S has 117 
more continuous small (likely volcanic) axial ridges and adjacent narrow grabens, with just a few 118 
distinct volcanic cones, 125-200 m high with diameter 1-2 km. The relief dropping into the axial 119 
rift is 500-700 m for much of the northern half of the segment. The axial high in the southern 120 
part of the segment has relief of 200-300 m, relative to the adjacent flanks. 121 
The new multi-beam coverage along Segment 4 is not quite wide enough to fully capture the 122 
axial zone and bounding rift walls but several aspects of the morphology can be described in 123 
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significantly greater detail than was possible previously. In contrast to the relative continuity of 124 
Segment 3, Segment 4 comprises a series of 20-30 km long sections of varied morphology 125 
(Figure 3b) within the 228 km total length.  The southernmost and central sections have ~5 km 126 
wide axial valleys with 200-300 m high axial volcanic ridges running down the middle.  A 127 
shallow section occurs at the southern end of this segment, ~20 km north of the Guafo transform 128 
fault (Figure 2d).  Beyond that (44°25’ - 43°40’S), the axis is characterized by an elongate basin 129 
with hummocky floor and a few flat-topped volcanoes; this section has a steeper rift-valley wall 130 
on the east than on the west.  The northern third of the segment (Figure 3b) has numerous axial 131 
volcanic cones and modest scarps (50-100 m high) but neither type of feature is continuous or 132 
localized within the axial zone covered. Moderate-sized, flat-topped axial volcanoes are common 133 
and can be seen extending all the way to the southern intersection of Segment 4 with the Guafo 134 
transform fault.  As seen in Segments 2 and 3, the trend of this southern-most axial volcanic 135 
ridge and that of a distinct scarp to its west (Figure 2d) are rotated 10° clockwise relative to the 136 
main trend of the full Segment 4.  137 
 138 
3. Discussion 139 
There is a consistent pattern of the axial volcanic ridges in the southern part of the (non-140 
subducting) segments in our study area trending at an angle that is rotated several degrees 141 
clockwise from the overall trend of the rift valley.  Clearly the eruptive centers are taking 142 
advantage of a zone of weakness that currently has this rotated alignment near the south-143 
bounding transform faults, but whether the underlying melt supply has also recently shifted is not 144 
known. At the southern Segment 2 ridge-transform intersection (RTI), it is intriguing that the 145 
nodal deep, which is often modeled as the result of viscous mantle flow and plate stresses at a 146 
RTI (Sleep and Biehler, 1970, Parmentier and Forsyth, 1985, Blackman, 1997), is centered on 147 
the opposite (east) side of the rift valley from the axial volcanic ridge on the western side. This 148 
may indicate that mantle upwelling is centered in the east, despite apparent recent magmatic 149 
activity having occurred on the other side of the rift.  Presumably this apparently contradictory 150 
morphology reflects interplay between local magma plumbing and tectonic stresses.  In addition 151 
to the RTI related forces, regional factors associated with subduction of the Nazca plate may 152 
affect mantle flow, melting, and detailed kinematics; the results for Segments 3 and 4 suggest 153 
this could be the case, as we discuss below.  154 
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Interpretation of clockwise stress rotation within the corridor containing Segment 2 has 155 
previously been reported (Villanueva et al., 1997). These investigators documented flank 156 
deformation patterns and magnetic anomalies out to 1.5 Ma crust. They note an associated 157 
decrease to 30 mm/yr in half-spreading rate along this segment, whereas their analysis suggested 158 
the adjacent segments continued at a half-rate of 33 mm/yr since 1.5 Ma.    159 
Various CTJ investigators have identified three factors in the overall tectonic system that 160 
could contribute to along-strike variation in far field forces which might impact the stress field 161 
along the Chile Rise as it extends north:  1) increase in age of the subducting Nazca plate north 162 
from CTJ (Cande et al., 1987) which could correspond to reduced slab buoyancy in the north;  2) 163 
the small volume of the accretionary wedge near CTJ and subduction erosion there, versus the 164 
occurrence of down-going sediments (and fluids) between Taitao FZ and Tres Montes FZ, to the 165 
south of CTJ, which may ease descent of the slab along the latter section (Behrmann and Kopf, 166 
2001);  3) variation in dip and continuity (slab tears) of the down-going plate, outer-rise flexure, 167 
and associated westward ridge jumps toward new zones of weakness (Bourgois et al., 2000, 168 
Guivel et al., 2003, Breitsprecher and Thorkelson, 2009). Below, we discuss the sense of rotation 169 
that each of these factors would induce along the Chile Rise and whether that could explain why 170 
the southernmost part of the segments is most strongly affected. 171 
Lagabrielle and coworkers have done considerable work onshore that documents opening of 172 
a slab window and associated petrological and structural impacts in the obducted ophiolites 173 
around Taitao Peninsula (Forsythe et al., 1986; Lagabrielle et al., 1994; Guivel et al., 2003). As 174 
part of Bourgois et al. (2000)’s offshore study, Lagabrielle's group focused on the evolution of 175 
Segment 2, its bounding fracture zones, and the adjacent flanks of Segments 1 and 3 (Villanueva 176 
et al., 1997, Lagabrielle pers. comm. 2011). These authors analyzed morphology, backscatter, 177 
and magnetic anomaly patterns to develop a model where observed seafloor deformation and 178 
evolution from an axial high to segmented rift is associated with the approach of Segment 1 to 179 
the trench. Thus, their preferred explanation for spreading center evolution and fracture zone 180 
sinuosity is plate edge-dominated tectonic forces. Resistance to subduction of the active 181 
spreading center acts to anchor the SE part of the plate whereas it can continue to subduct to the 182 
north. This scenario could be expected to result in clockwise rotation of stress but would not, 183 
alone, predict the effect to be most prominent in the southern part of each spreading segment. 184 
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A northward increase in subduction pull associated with greater downgoing plate age might 185 
be expected to result in monotonically increasing extensional forces to the north. Tebbens et al. 186 
(1997), however, determine that recent spreading rates along the southern Chile Rise varied by 187 
only 0.6 mm/yr. Even with such modest variation, if the thickness of the plate edge across each 188 
of the southern RTIs of Segments 2-4 acts to anchor the corner of the eastern flank there, then a 189 
clockwise rotation of stress could result. However, this regional force should also be evident in 190 
the northern part of the segments, perhaps as greater rift depths, if magma supply is fairly 191 
constant along axis. This type of pattern is not observed. Perhaps the variable along-strike 192 
sediment accretion/deformation plays a role in counter-acting any plate age effects. Behrmann 193 
and Kopf (2001) determined that sediment accretion and deformation are greater on the flank of 194 
Segment 3 than along the flank of Segment 1, where sediments and associated fluids are being 195 
subducted. 196 
In addition to the potential plate edge effects, spreading center structure and processes need 197 
to be considered. There has been a decrease in spreading rate, from ~60 mm/yr (full rate) in the 198 
chron 2A-Jaramillo period to ~53 mm/yr presently (DeMets et al., 2010).  This crosses the 199 
threshold where prior studies indicate that shorter segment length is preferred over long, 200 
continuous segments (e.g. Crane, 1985; Schouten et al., 1985). In the South Atlantic, average 201 
segment length decreased significantly as the spreading center slowed from a rate of 60 mm/yr to 202 
~30 mm/yr over a period of a few Myr (Cande et al., 1988; Shaw and Cande, 1990). Although 203 
such segmentation of the volcanic system would not explain a systematic rotation, it could affect 204 
the continuity of volcanic chains. Segment 2 axial volcanoes could be described as a series of 205 
offset short chains (Lagabrielle pers. comm. 2011) with both a central and southern chain having 206 
the rotation indicated in Figure 2b and a series of small step-overs near 45°50’S. Segment 4 axial 207 
structure may be best described as a series of short rift/volcanic systems but such a description is 208 
not applicable to Segment 3. Magma supply at the latter has probably been greater recently, as 209 
evidenced by the axial high that characterizes the southern section of its spreading axis, 210 
seamounts on the adjacent western ridge flank (Figure 1; Klein and Kastens, 1995), and 211 
documented mantle source heterogeneity there (Sturm et al., 1999). Each of these indicates a 212 
melting anomaly. Reduction of axial stress would be expected to accompany more frequent 213 
magmatic injection and probably played a role in the greater continuity of the structural fabric of 214 
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Segment 3, compared with Segments 2 and 4, whose greater axial depth suggests lower magma 215 
supply. 216 
Another potential factor in the evolution of stress along the spreading axes is the recent 217 
intersection of Segment 1 with the trench at ~0.3 Ma (Bourgois et al., 2000).  Does such change 218 
from previously younging (thinning and weaker, in the up-trench direction) lithosphere entering 219 
the trench to an increasing age/thickness (west flank) lithosphere alter the forces on the Nazca 220 
plate as it enters the trench to affect the next segment’s spreading axis? Or, is the buoyancy of 221 
the zero-age axial region so great that a pause in subduction occurs near the triple junction, thus 222 
altering the axial stress field at adjacent segments? The fact that Segment 1 does not appear to 223 
have experienced any rotation in axial trend does support a model where the ridge-trench 224 
collision plays a role.  If subduction begins to hang up near the triple junction for a period shortly 225 
after the axis of spreading intersects the trench (i.e. it takes some time for the finite width 226 
structure to be over-ridden enough that the new set of forces becomes dominant), this, together 227 
with steps in plate thickness across fracture zones to the north, could put the Nazca and Pacific 228 
plates under compression that has a major component in the N-S direction, the sense needed to 229 
cause the observed axial rotation. There are clearly responses along other parts of the plate 230 
boundary to the collision.  For example, an area of chaotic terrain has developed along the short-231 
offset, short segments just south of Valdivia transform fault (41°30’-42°10’S, ~84°W; evident 232 
using GeoMapApp and multi-beam data in the Marine Geosciences Data System (MGDS), 233 
(Ryan et al., 2009)). These features suggest notable realignment, and possible propagation in 234 
crust that formed ~350 Ka, i.e. essentially synchronous with when the southern end of Segment 1 235 
first reached the trench.  More complete coverage of Segment 4 is needed to determine whether 236 
such features developed south of 42°S, but the current coverage suggests that linear abyssal hills 237 
are most typical for longer segments (north of Chiloe (MGDS, (Ryan et al., 2009)), and 238 
Segments 4 & 3, in the southward direction, Figure 1) at this time. 239 
Constraints on mantle structure and possible flow pattern are available from a recent seismic 240 
array experiment. Russo et al. (2010) obtained tomographic images that show a fast anomaly 241 
(cold slab) to the north of Taitao Peninsula but only a slow anomaly to the south, where a slab 242 
window had been expected. Shear wave splitting results show a somewhat complex pattern of 243 
fast S-wave polarization directions, which are inferred to track the path of mantle shearing, that 244 
is generally consistent with flow along the trench and in through the slab window. Such broad 245 
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scale flow has potential to skew upwelling patterns for Segment 1 and, possibly, Segment 2. 246 
However, a southward along-trench flow would not tend to shift the upwelling/melting to the 247 
west, nor would it favor such direction mainly toward the south. 248 
Klein and co-workers conducted a study of axial basalts along the southern Chile Rise. Their 249 
major element analyses (Klein and Karsten, 1995, Sherman et al., 1997) show that the lavas are 250 
mid-ocean ridge basalt (MORB) with varying parental compositions and degrees of 251 
fractionation.  Extents and initial pressures of melting were found to be generally similar for 252 
Segments 1-4 and, thus, Sherman et al. (1997) conclude that proximity to the trench, and even 253 
the onset of ridge subduction, do not significantly modify major element systematics.  They infer 254 
that this indicates that the upwelling zone beneath the spreading axis is narrow.  The observed 255 
distinct trace element and isotopic signatures for each of Segments 1-4 (Klein and Karsten, 1995, 256 
Sherman et al., 1997, Sturm et al., 1999) suggest a model where mantle flow pattern exerts at 257 
least some control over detailed location of the spreading axis.  A transform fault effect has been 258 
ruled out as the cause of petrological differences across segment boundaries (Sherman et al., 259 
1997).  However, there is no clear reason why pre-existing tectonic boundaries would ‘seek out’ 260 
chemical boundaries in the mantle over which to advance, so at this time we prefer an 261 
interpretation where subducting plate-edge forces are the dominant control on the spreading axis 262 
evolution.   263 
4. Conclusions 264 
New mapping of the axial zones of the southern Chile Rise shows several degree rotation of 265 
the recent stress field that controls the trend of volcanic eruptions in the southern portion of 266 
Segments 2-4. Simple models of ridge-transform intersection forces do not explain this recent 267 
evolution in trend. Regional tectonic forces probably influence the plate boundary evolution, but 268 
the lack of monotonic change with distance from the CTJ suggests that a single factor is not 269 
responsible. Likely, some combination of plate edge forces, such as age-dependent lithosphere 270 
buoyancy and resistance to subduction due to sediment scrape off and/or the intersection of 271 
Segment 1 spreading axis with the trench, are in play.  272 
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Figure Captions 355 
 356 
Figure 1. Bathymetry along the Southern Chile Rise shows spreading segments and fracture 357 
zones; illumination angle NNE. Inset shows main tectonic elements: VFZ- Valdivia Fracture 358 
Zone; CTJ- Chile Triple Junction. Segment 1 terminates in the south at the CTJ. New multibeam 359 
bathymetry data along the ridge axes are overlain on regional grid (compilation of German, 360 
French, and Chilean data by I. Grevemeyer, incorporates partial flank coverage of Segments 1-361 
3), and satellite-based predicted bathymetry (Smith and Sandwell, 1997). 362 
 363 
Figure 2. Detailed axial morphology shows differences between average segment trend and 364 
trend of recent volcanic or fault scarp features. Each of Segments 2, 3, and 4 show recent trends 365 
in the south (red arrows) that are 16°, 8°, & 10° clockwise from the average (black arrows). 366 
Illumination angle NE. 367 
 368 
Figure 3. Bathymetry of the full length of Segment 3 (left) and Segment 4 (right); color scale the 369 
same as in Fig. 2.  370 
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